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ABSTRACT

Column moisture and moist static energy (MSE) budgets have become common tools in the study of the
processes responsible for the maintenance and evolution of the MJO. While many studies have shown that
precipitation is spatially correlated with column moisture, these budgets do not directly describe the MJO-
related precipitation anomalies. Other spatially varying fields may also play a role in determining the hori-
zontal distribution of anomalous precipitation. In this study, an empirical precipitation anomaly field is
derived that depends on three variables in addition to column moisture. These are the low-frequency dis-
tribution of precipitation, the low-frequency column saturation water vapor, and the sensitivity of pre-
cipitation to changes in column relative humidity. The addition of these fields improves upon moisture/MSE
budgets by confining these anomalies to the climatologically rainy areas of the tropics, where MJO activity is
strongest. The derived field adequately describes the MJO-related precipitation anomalies, comparing fa-
vorably with TRMM precipitation data.

Furthermore, a “‘precipitation budget” is presented that emphasizes moist processes over the regions where
precipitation is most sensitive to free-tropospheric moisture. It is found that moistening from vertical moisture
advection in association with regions of shallow ascent plays a central role in the propagation of the MJO. The
overall contribution from this process is comparable to the contribution from horizontal moisture advection
to propagation. Consistent with previous studies, it is found that vertical advection arising from longwave
radiative heating maintains the intraseasonal precipitation anomalies against drying by horizontal moisture
advection.

1. Introduction convection is maintained and propagates eastward
are not entirely understood.

In spite of the many challenges facing our un-
derstanding of the MJO, several key features have
been identified. Among these is the importance of the
three-way interaction between moisture, convection,
and radiation in the maintenance of the precipitation
anomalies (Raymond 2001; Kim et al. 2015; Del Genio
et al. 2015). Furthermore, recent studies have sug-
gested that the eastward propagation of the anomalous
precipitation in the MJO is predominantly driven by
two mechanisms. One is horizontal advection of
moisture driven by the MJO’s anomalous lower-
tropospheric wind field (Maloney 2009; Zhao et al.
2013; Pritchard and Bretherton 2014; Kim et al. 2014a;
Zhu and Hendon 2015; among others). The other
mechanism is free-tropospheric moistening arising
from vertical motion, either by cloud-related moisture
fluxes (Benedict and Randall 2007; Hannah et al. 2016;
Powell and Houze 2015; Powell 2016) or forced by
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The Madden—Julian oscillation (Madden and Julian
1971, 1972) is one of the most prominent features
of the tropical atmosphere at the intraseasonal
(30-90 day) time scale (Zhang 2005; Lau and Waliser
2011). It is characterized by an envelope of enhanced
and suppressed convection several thousand kilome-
ters across, coupled to planetary-scale features that
resemble the Matsuno-Gill (Matsuno 1966; Gill 1980)
response to an equatorial heat source. This large-scale
coupling between circulation and convection propa-
gates eastward at ~5ms ™!, with widespread influences
on weather patterns across the globe [Zhang (2013)
and references therein]. In spite of increased in-
ternational effort to improve our understanding of the
MJO (Waliser et al. 2009; Yoneyama et al. 2013; Zhang
et al. 2013), the mechanisms in which large-scale
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between moisture and convection in MJO dynamics
has led many authors to conclude that the MJO is the
result of a modal instability that results from moisture—
convection-radiation feedbacks, often referred to as
“moisture mode” instability (Raymond and Fuchs
2009; Sugiyama 2009; Sobel and Maloney 2012, 2013).

Recently, Adames and Kim (2016), expanded upon
the moisture-mode theoretical framework. Their
modifications led to a dispersion relation where the
wind anomalies in the Matsuno-Gill response advect
mean moisture such that the rainbands propagate
eastward while wave activity propagates westward.
Their dispersion relation suggests that the maintenance
and propagation of the MJO depends on a parameter
that characterizes the sensitivity of precipitation to
changes in column water vapor, known as the convec-
tive adjustment time scale 7. (Bretherton et al. 2004).
The relationship between this parameter and the MJO
and how it varies in space has not been thoroughly
investigated.

In this study, we will show that the evolution of the
MJO?’s precipitation features is not only dependent on
anomalous column water vapor but also on the
climatological-mean distribution of precipitation, which
determines the aforementioned convective adjustment
time scale. By incorporating this convective adjustment
time scale onto the moisture field, an estimate of the
intraseasonal precipitation anomalies is obtained that
compares favorably with observations. Moreover, a
prognostic equation for precipitation is obtained that
offers a more concise description of the physical pro-
cesses responsible for the propagation of anomalous
precipitation. The precipitation budget differs from
traditional moisture or moist static energy budgets in
that it emphasizes the regions where precipitation is
most sensitive to changes in moisture.

We will use the methodology of Adames and Wallace
(2014a,b, 2015, hereafter AW1, AW2, and AW3, re-
spectively) and Adames et al. (2016, hereafter AWM) in
order to further understand the evolution of the MJO-
related precipitation anomalies. These four studies were
based on regression maps in which the daily 850- minus
150-hPa velocity potential field was used as a time-
varying MJO index. A particular focus will be placed
on the “warm pool” compositing technique, which
yields a cleaner and more concise description of the
most salient features of the MJO as it propagates
across the warm pool. The results of this study expand
on the results of AW3 by further revealing the role that
the vertical profile of vertical velocity plays the prop-
agation of the MJO along the equatorial band
(10°N-10°S). The profile of ascent is, in turn, intrinsically
related to shallow meridional circulations associated
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with the easterly and westerly wind anomalies in the
Kelvin and Rossby waves described in AW2. These cir-
culation features also induce propagation of the MJO
through horizontal moisture advection.

The structure of this paper is as follows. The next
section describes the datasets and methods of analysis.
Section 3 describes a prognostic precipitation budget for
the MJO. Section 4 discusses the mechanism that
maintain the MJO-related precipitation anomalies and
the mechanisms that lead to its eastward propagation. A
concluding discussion is offered in section 5.

2. Data and methods

Four datasets are used in this study. We make use of the
1.5° longitude X 1.5° latitude horizontal-resolution, daily
column-integrated, and pressure-level fields in the ERA-
Interim dataset (Dee et al. 2011), for the time period 1979-
2011. The horizontal wind components « and v are used in
this study as field variables and in the calculation of ve-
locity potential y. Specific humidity g and vertical velocity
w are also used as field variables in this study. Tempera-
ture T is used in the calculation of the saturation specific
humidity g, in sections 3 and 4. Furthermore, we make use
of ERA-Interim precipitation P. The surface and top-of-
the-atmosphere longwave radiative heating fields are also
used in the calculation of the column longwave radiative
heating (LW’). Fields involving products of individual
ERA-Interim variables are also used in section 4. These
products are calculated from each daily averaged field, as
in AW3 and AWM, and afterward the procedure is the
identical to the analysis of the individual field variables.

We also make use of daily averaged precipitation from
the 3B42, version 7, product of the Tropical Rainfall
Measurement Mission (TRMM-3B42, Huffman et al. 2007,
based on the period 1998-2011). The dataset is interpolated
to 1.5° longitude X 1.5° latitude horizontal resolution to
facilitate comparison with the ER A-Interim data and in the
calculation of the convective adjustment time scale.

The fields used in this study correspond to MJO-
related anomalies. We obtain these by removing the
mean and first three harmonics of the annual cycle based
on the 1979-2011 reference period. Additionally, a
101-point Lanczos filter (Duchon 1979) is used to extract
the anomalies that occur within 20-100-day time scales.

The fields described in this study are regression maps,
obtained using the methods of AW1, AW2, and AW3.
These are obtained through the following equation:

D =SP"/N,

where D is the linear regression for a two-dimensional
matrix S, which represents a field variable S. The
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regression map is obtained by projecting S upon a
standardized MJO index P and dividing by the number
of days N. Most of the patterns shown here are obtained
by regressing fields upon linear combinations of the two
leading principal components (PCs) of daily mean
global fields of 850- minus 150-hPa velocity potential Ay.
A comprehensive description of this index is presented
in AW1, along with a comparison of its performance
with that of other MJO indices. Contour and shading
intervals in the plots presented here are scaled to the
approximate value of the 95% confidence interval based
on a two-sided ¢ test.

The modal vertical profiles for vertical velocity w; and
w;, shown in Fig. 6 of AW2, are also used in this study: w;
corresponds to a vertical velocity profile in which per-
turbations of the same polarity extend through the depth
of the troposphere, with a midtropospheric (~400hPa)
maximum, and w; corresponds to a profile in which the
vertical velocity perturbations are of opposing polarity
above and below the 600-hPa level. Vertical velocity w;
is an overall measure of the strength of the convection,
and w, is useful for distinguishing between shallow
convection and elevated stratiform convection, as dis-
cussed by Houze (1982) and Schumacher et al. (2004),
among others.

Many of the fields shown in section 4 are ‘“warm
pool composites,” generated using the analysis tech-
nique described in AW2, AW3, and AWM. The
composites are constructed by generating a series of
regression maps based on linear combinations of PC1
and PC2 of Ay for the MJO phases in which the Ay
maximum is centered over the Indo-Pacific warm pool
(60°E-180°). A warm pool composite corresponding
to the time when the MJO is active over the Maritime
Continent (maximum PC1, denoted WPC1) is gener-
ated by zonally shifting each member of the sequence
of maps such that the longitude at which Ay is a
maximum corresponds to the reference longitude (0°).
A composite that corresponds to the time when the
MJO is active over the Indian Ocean (minimum PC2,
denoted WPC2) is also constructed. In this composite,
the reference longitude corresponds to the node in Ay
in which 9dAy/dx is negative. Together, WPC1 and
WPC2 can be thought of representing the MJO cycle
as it propagates eastward across the Indo-Pacific
warm pool.

3. A moisture-based precipitation budget

Many of the studies that attempt to understand the
eastward propagation of the MJO have focused either on
the intraseasonally filtered (20-100-day bandpass-filtered)
moisture or moist static energy budget. The vertically
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integrated intraseasonal moisture equation takes the fol-
lowing form:

3(q")
Jat

—_<V.Vq>’—<wg—z>/—P’+E', 1)

where primes correspond to intraseasonal (20-100-day
time scale) anomalies, and the primed angle brackets
denote the mass-weighted vertical integral of the
anomaly fields

1000hPa
Vo= v
8 J10onpa
One of the goals of this study is to transform Eq. (1)
into a prognostic equation for the intraseasonal pre-
cipitation anomalies, which requires an equation that
relates column water vapor and precipitation. An em-
pirical equation that relates column relative humidity to
precipitation was obtained by Bretherton et al. (2004),
which is of the following form:

P(R,) = P,exp(aR,), 3)

where R, = (q)/(qs) is the column relative humidity,
and P, and a are constants, a corresponding to a
‘“‘sensitivity’’ parameter of precipitation with respect to
Rj,. A similar relationship was also found by Raymond
(2000) and Peters and Neelin (2006). Physically, the
relationship is related to the dilution that updrafts ex-
perience in the free troposphere. When environmental
humidity is high, cloud water evaporates less and
cloud buoyancy is reduced less by the impact of en-
trainment (Raymond 2000; Holloway and Neelin
2009), which leads to greater organization of convec-
tion (Masunaga 2012; Ahmed and Schumacher 2015).
As shown by Yasunaga and Mapes (2012), the re-
lationship between moisture and precipitation is most
coherent at the spectral bands corresponding to the
MJO (20-100-day time scales, eastward-propagating
zonal wavenumbers 1-5).

An example of this relationship for a region in the
equatorial Indian Ocean is shown in Fig. 1a. While
there is a large scatter between precipitation and col-
umn relative humidity, it is clear that the relationship
is approximately exponential, with a sharp pickup in
precipitation at R, ~ 0.75. A similar relation is found in
ERA-Interim precipitation (Fig. 1b), although in this
case the pickup at high R, is weaker, corresponding
to a smaller a. The cluster of points in the scatterplots
can be separated into groups that correspond to days in
which PC2 of Ay exceeded 1.5 and —1.5, indicative of
suppressed and active MJO convection over the Indian
Ocean, respectively. The separation clearly shows that
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FIG. 1. (a) Scatterplot of TRMM 3B42 precipitation P as a function of ERA-Interim column relative humidity R),
averaged over a 5° box centered over the equator at 95°E. The black line depicts the nonlinear least squares fit of the
points in the scatterplot. The dashed yellow line shows the Taylor series linearization [Eq. (7)] of the exponential fit
for a reference relative humidity profile of R;, = 0.74, centered on the gray circle. Red dots correspond to days in
which PC2 of Ay is greater than 1.5 while blue dots correspond to days in which PC2 of Ay is less than —1.5. PC2 of
Ay corresponds to the time when convection is enhanced/suppressed over the Indian Ocean. The large red and blue
circles correspond to the centroids of the red and blue cluster of points, respectively. (b) As in (a), but for ERA-

Interim precipitation.

the most humid and rainy days correspond to days when
the MJO is active over the Indian Ocean. Conversely, the
driest days correspond to days when MJO convection is
suppressed.

The horizontal distribution of annual-mean pre-
cipitation, its standard deviation, and the annual-mean
column relative humidity are shown in Figs. 2a—c. All
three fields exhibit qualitatively similar patterns, implying

Annual Mean Precip

mean P (mm day“)

15°S1

3008 0 .0 .Cl .Cl .0 .0 0
0 60°E 120°E 180°W  120°W  60°W o

that, to first order, precipitation variability is proportional
to the low-frequency background state.

Based on the correspondence between the low-
frequency precipitation, R, and precipitation variabil-
ity, we can expand Eq. (3) into a Taylor series centered
on a slowly varying background column relative hu-
midity R;, value, where the overbars denote a 100-day
low-pass filter. By truncating the series on its second
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FIG. 2. Spatial distributions of annual-mean (a) TRMM 3B42 precipitation P, (b) standard deviation of 20-100-day-filtered TRMM
3B42 precipitation, (c) ERA-Interim column relative humidity R;,, and (d) the convective relaxation frequency 7. For the calculation of
7. = aP/{(g;), TRMM 3B42 precipitation is used, where a = 12.1. For the calculation of 7, the fields were low-pass filtered to retain time
scales longer than 100 days. The annual-mean distribution of 7, was obtained by averaging the low-pass-filtered 7.
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FIG. 3. Scatterplots of standard deviation of 20-100-day-filtered
precipitation vs annual-mean precipitation from (left) TRMM-
3B42 and (right) ERA-Interim. The 1:1 line is shown as a black
dashed line and the linear least squares fit is shown as a red
dashed line.

term, we obtain the following linearized equation for
precipitation:

P

h >
E)Rh Rh:R_h

P(R,) ~P(R,) + R 4)

where R} = R, — R, is the relative humidity perturba-
tion. An example of this linear approximation is shown
as a dashed line in Fig. 1. The equation states that total
precipitation is approximately a function of R, modu-
lated by small perturbations. If the saturation column
water vapor is assumed to vary slowly in time (at sea-
sonal time scales, (gs) ~ (¢s)), it follows that intra-
seasonal perturbations in relative humidity are
approximately determined by changes in the column
water vapor content, Rj = (q’)/(q;). With the afore-
mentioned relation and using Eq. (3) to define
P = Pyexp(aRy,), Eq. (4) can be simplified to

P:T’(l+a%). (5)

The precipitation anomalies can be rewritten in the
following form:

(), (6)

which shows that the amplitude of the intraseasonal
precipitation anomalies are, to first order, directly re-
lated to the amplitude of the low-frequency background
precipitation. Furthermore, the importance of the pre-
cipitation sensitivity parameter a becomes clearer, as it
determines the magnitude of precipitation variability.
This relation shows that moisture-driven precipitation
perturbations are more relevant over the climatologi-
cally rainy regions of the tropics. Figure 3 shows the
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relationship between annual-mean precipitation P and the
standard deviation of 20-100-day-filtered precipitation.
While the relationship is not perfectly linear, it is clear that
intraseasonal variations in precipitation increase as
climatological-mean precipitation increases. In compari-
son, ERA-Interim precipitation exhibits a much weaker
relationship, with precipitation variability nearly plateauing
after ~3mm of annual-mean precipitation. Thus, while
both datasets show a relationship between P’ and P,
TRMM data exhibits a larger sensitivity parameter a than
ERA-Interim data does, consistent with Fig. 1.

Some of the terms on the right-hand side of Eq. (6) can
be used to define a low-frequency background convec-
tive adjustment time scale:

__{ap)
T = -
¢ aP

™)

which can be thought of as the time scale for anomalous
precipitation to relax R, back toward its climatological
value. This time scale is analogous to the one used in the
simplified Betts—Miller convective adjustment scheme
(Betts and Miller 1986; Betts 1986; Frierson 2007), ex-
cept 7, exhibits horizontal variations here. Here, 7 de-
termines the strength of a precipitation response to
anomalous water vapor.

Equation (7) indicates that 7, is smallest over the cli-
matologically rainy regions and tends toward infinity
over the dry regions of the tropics. Because of this sen-
sitivity to P, it may be useful to define a convective re-
laxation frequency:

®)

<~.§|
Il
=

The horizontal distribution of 7, is shown in Fig. 2d,
using ERA-Interim values (g;) and TRMM 3B42
values of P (interpolated onto the ERA-Interim grid).
A value of a of 12.1 is used, which is obtained from a
nonlinear least squares fit of the cloud of points of
TRMM (g) and P across the warm pool (10°N-10°S,
60°E-180°). This value of a is smaller than the value of
15.6 obtained by Bretherton et al. (2004) using daily
data, which may be a result of the datasets used here.
It is clear that 7; shows a nearly identical distribution
to the climatological-mean precipitation. This is due
to (g,) exhibiting relatively little variation in the
tropics, consistent with the notion that tropical tem-
perature gradients are weak (Sobel and Bretherton
2000; Sobel et al. 2001). The spatial distribution of 7,
is also consistent with the spatial distribution of in-
traseasonal precipitation variability, shown in Fig. 2c.
It will be shown later that the intraseasonal
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FIG. 4. Scatterplots of TRMM 3B42 precipitation anomalies vs (left) estimated precipitation P’ = (q')/7; and
(right) ERA-Interim precipitation, regressed onto PC1 and PC2 of Ay. The fields are averaged over the Indo-
Pacific warm pool (15°N-15°S, 60°E~180°). The 1:1 line is shown as a black dashed line. The linear fit obtained from
linear least squares fit is shown as a red line. The correlation coefficient and the slope of the linear fit are shown in
the top-left corner of each panel. For the calculation of 7;, TRMM-3B42 precipitation is used and a = 12.1, as
obtained from the nonlinear least squares fit. Only points occurring over the oceans have been included.

precipitation tendency 9P'/dt is directly related to 7.
Thus, intraseasonal precipitation variability (Fig. 2b)
will be largest in regions where 77 is large.

To further verify the validity of the aforementioned
approximation to the analysis of the structure and
evolution of the MJO, Fig. 4a compares the derived
precipitation field P’ = (q')/7; to precipitation esti-
mates from TRMM-3B42. The scatterplots are ob-
tained from linear regression of the fields onto PC1
and PC2 of Ay (see appendix), averaging all points
over the equatorial belt (15°N-15°S, 60°E-180°). Only
points occurring over the oceans were included, as pre-
cipitation over land may be modulated by other pro-
cesses, such as the diurnal cycle and orography (Peatman
et al. 2014; Birch et al. 2016, see their Fig. 13). A robust
relationship is observed between the two fields, with a
correlation coefficient of ~0.8 and a slope of 1.04. Com-
pared to the precipitation output from ERA-Interim
(right panel), the linearized precipitation yields a more
realistic and robust distribution of precipitation for the
MJO, with a similar correlation coefficient and a slope
close to unity.

Figure 5 compares the horizontal structure of the derived
P’ with TRMM-3B42 P’ for the warm pool composite
corresponding to the time when the MJO-related Ay
anomalies are centered over the Maritime Continent
(WPC1, top panel) and at the time when the MJO-related
Ay anomalies are centered over central Indian Ocean
(WPC2, bottom panel). The derived P’ robustly captures
all of the major features seen in TRMM-3B42, with
only some minor differences. These differences include

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/11/21 05:55 PM UTC

TRMM-3B42 precipitation being slightly shifted westward
with respect to the derived P’ in WPC1. In WPC2, the
derived P’ is too large compared to TRMM over the bands
of the ITCZ and over the SPCZ.

With the aforementioned approximations, we can
turn Eq. (1) into a precipitation budget by scaling it by
Te:

P

(=(V-Vg)' + C), )

1
ot T,
c

where we have incorporated the sum of vertical mois-
ture advection, surface latent heat fluxes, and pre-
cipitation as the so-called column-process term (Chikira
2014; Wolding and Maloney 2015; Janiga and Zhang

2016):
¢ () pi
ap

Since horizontal and temporal variations of tempera-
ture are weak in the tropics, we can apply the weak
temperature gradient approximation (Charney 1963;
Sobel and Bretherton 2000; Sobel et al. 2001). Under
this approximation, it is assumed that buoyancy per-
turbations 7’ due to convection are smoothed out by
the energy dispersion in gravity waves, whose time
scales are much shorter than the MJO. This process is
known as ‘“‘gravity wave adjustment” (Wolding and
Maloney 2015) or “‘buoyant equalization” (Bretherton
and Smolarkiewicz 1989). In combination with the

(10)
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FI1G. 5. (left) Warm pool composite centered over the Maritime Continent (WPC1) and (right) warm pool composite centered over the
central Indian Ocean (WPC2) of (a),(c) TRMM-3B42 precipitation and (b),(d) estimated precipitation P’ = (q')/7.. Column water vapor
(q’) is shown as contours (contour interval: 0.15 mm) and the 500-1000-hPa-averaged wind field is shown as arrows (largest wind vector is
~1ms™ ). For the calculation of 7, ER A-Interim mean precipitation is used and a = 12.1, as obtained from the nonlinear least squares fit.
Note that for WPC1 the reference longitude corresponds to the maximum in Ay (850-150-hPa velocity potential), and in WPC2 the

reference longitude corresponds to the node in Ay.

large Rossby radius of deformation that arises from the
weak planetary vorticity characteristic of the equato-
rial latitudes, these gravity wave responses to convec-
tion homogenize the horizontal free-tropospheric
temperature distribution. As a result, the leading bal-
ance in the intraseasonal thermodynamic energy
equation is between anomalous diabatic heating and
cooling from adiabatic expansion induced by anoma-
lous ascent:

lag ~ /

1] Frie 0, (11)
where Q) is the intraseasonal diabatic heating anomaly,
and s is the low-frequency background mean dry static
energy. Note that fields with overbars correspond to
100-day low-pass-filtered data. It was shown by Wolding
et al. (2016) that this approximation is valid at intra-
seasonal time scales. We have neglected the contribu-
tion of advection of anomalous dry static energy by the
mean vertical motion field and the nonlinear eddy term
since their column-integrated contributions are small
(not shown). Since the main contributors to diabatic
heating O, arise from convective and radiative heating,
we can separate the anomalous vertical velocity into a
radiatively driven component . and a component
driven by anomalous convective processes and large-
scale vertical motion w!:

(12a)

(12b)
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With this separation, we can now define a “‘convectively
driven” column process, which includes the contribution
to ascent by microphysical processes and eddies of scales
smaller than those resolved by the reanalysis

(elap) 7
which can be thought of as the net moistening/drying by
vertical moisture advection due to convection and large-
scale dynamics. It is related to the vertical gross moist
stability (Neelin and Held 1987; Raymond et al. 2009;
Inoue and Back 2015). A positive C.. implies an unstable
profile where convection moistens the atmosphere,
“preconditioning” it for further convection, consistent
with a negative gross moist stability as defined in their
studies. When C. is negative, moisture is lost to con-
densation and precipitation, inhibiting the subsequent
development of convection, indicative of a positive gross
moist stability. With the aforementioned approxima-
tions, the precipitation budget can be rewritten in the
following form:

!/ /aq / /
—(V-Vq) — — )+ E + .
( ( q) <w,a > E CC)

Equation (14) is the linearized version of Eq. (9) in
Inoue and Back (2015), which describes the slow tem-
poral evolution of precipitation due to changes in the
ambient relative humidity (by changes in column water
vapor). That is, precipitation slowly increases in envi-
ronments that are becoming more moist and decreasing
in environments that are drying. The scaling by 7 is used

99
Cap

A

(13)

aP’Nl
at T

c

(14)
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since moist environments are more sensitive to changes
in relative humidity than dry environments, as shown in
Figs. 1 and 2.

It is worth noting that if 7, is assumed a constant in space,
and assuming that the propagation of the precipitation
anomalies is determined by the wind anomalies in the
Matsuno-Gill response to an equatorial heat source
(Matsuno 1966; Gill 1980), then a linear wave solution to
Eq. (14) can be obtained, as in Adames and Kim (2016). In
this study we will show that spatial variations in 7, causes
the spatial distribution of anomalous precipitation to differ
somewhat from the horizontal pattern in column moisture.
This will in turn lead to a change in the relative importance
of different dynamical processes to the eastward propaga-
tion of the MJO than by solely considering a moisture or
moist static energy budget.

4. Precipitation maintenance and evolution in a
composite MJO

In this section, we perform a comprehensive analysis of
the spatial distribution of precipitation field in the MJO and
the dynamical processes responsible for its maintenance
and evolution. However, it is important to understand how
the estimated precipitation field P’ differs from the
column-integrated water vapor anomalies (g¢). Figure 5
compares the precipitation field with (¢’) in WPCI and 2.
The fields P’ and (g’) exhibit similar horizontal structures,
with the characteristic “swallowtail” shape in WPC1
identified by Zhang and Ling (2012) and described in AW2
and AW3. However, P’ is meridionally narrower than (gq’).
Also, P’ is strongest in the regions that correspond to the
equatorial warm pool, and along the narrow bands of the
ITCZ, consistent with the distribution of 7, in Fig. 2.

To understand how P’ evolves throughout the MJO cy-
cle, Fig. 6 shows the local tendency in precipitation 9 P’/dt,
and the contribution to this tendency by horizontal mois-
ture advection and column processes C’, following Eq. (9).
The patterns are similar to those seen in the moisture
budget in AW3, but more equatorially focused. In WPC1,
column processes dominate the moistening to the east of
the rain area while horizontal moisture advection is the
dominant sink to the west. The pattern in WPC2, which
shows a large positive precipitation tendency in the node of
the dipole in enhanced and suppressed convection (near
the reference longitude) has substantial contributions from
both horizontal moisture advection and C’. It is noteworthy
that C’ are a larger contributor near the equator (~10°N-
10°S) while horizontal moisture advection is a larger con-
tributor away from the equator (poleward of 10°N/S).

As in Maloney (2009), Kiranmayi and Maloney (2011),
and Kim et al. (2014a), among others, we decompose the
horizontal moisture advection field into a term describing
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the horizontal advection of low-frequency moisture by
the MJO winds, a term describing the advection of MJO
moisture by the background winds, and a third term
representing the nonlinear advection of moisture by
eddies of time scales shorter than 20 days:

—(V-Vg) = —(V'-Vg)' = (V- Vq') = (V" - Vq"),
(15)

where the double primes denote fields that have been
high-pass filtered to retain time scales shorter than
20 days. Other terms also contribute to the total hori-
zontal advection field, but they are negligibly small when
compared to the leading three terms above (not shown).
The separated contributions to horizontal advection are
shown in Fig. 7. Scaling by 7, leads to a reduction in the
contribution of the advection of mean moisture by the
anomalous winds (see Fig. Al in AW3 for comparison).
Instead, it is the nonlinear contribution to drying by
high-frequency eddy activity which exhibits the largest
magnitude. These are observed near and to the west of
the precipitation anomalies and are dominated by its
zonal wind contribution (see Fig. 8 of AW3). In contrast,
—(V'.Vg) exhibits a horizontal structure that is in
quadrature with the rain area in WPC1, while it acts to
broaden the rain area in WPC2. Advection of moisture
by the mean flow contributes little to the propagation of
the intraseasonal precipitation anomalies in these
12-month-based composites.

Figure 8 decomposes the anomalous column processes
C’ into the individual contributions from surface latent
heat fluxes E', radiatively driven vertical moisture ad-
vection w,dg/dp, and the convectively driven column
processes C., which are obtained as the residual of the
precipitation budget. In both WPC1 and WPC2, anom-
alous surface latent heat fluxes is anticorrelated with the
precipitation tendency, indicating that it acts to slow
down the propagation of the precipitation anomalies,
consistent with previous studies (Kim et al. 2014a; Sobel
et al. 2014). The strongest anomalies are collocated with
the zonal wind anomalies; that is, surface latent heat
fluxes are enhanced in regions of westerlies and sup-
pressed in regions of easterly flow. The contribution of
radiation, which is dominated by longwave heating, can
be approximately estimated from the ERA-Interim col-
umn longwave radiation (LW’) by projecting it to the first
baroclinic mode in vertical motion w;:

_ _ _\ -1
020N o (o 2N (o BN Lw,

"op Lop Lop
where ®; is the normalized vertical structure function
for w; (see Fig. 6 of AW2), which describes deep

(16)
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F1G. 6. (left) WPC1 and (right) WPC2 of (a) the precipitation tendency dP'/dt and the contribution to precipitation changes by
(b) horizontal moisture advection and (c) column processes (the sum of vertical moisture advection and precipitation). The precipitation
rate P’ = (q')/7; and the 500-1000-hPa-averaged wind field are shown as contours (contour interval: 0.05 mm day ') and arrows (largest
wind vector is ~1ms '), respectively.

convective ascent. The two terms in the right-hand side  time when the MJO-related anomalies are crossing the
of Eq. (16) correspond to the gross moisture stratifica- Maritime Continent (WPC1), indicating that anomalous
tion divided by the gross dry stability, respectively cloud cover in the upper troposphere is a maximum at
(Neelin and Zeng 2000). The contribution of OLR tothe that time.

precipitation tendency is comparable to that of surface The contribution of convective column processes C. is
latent heat fluxes but is collocated with the precipitation shown in the bottom panel of Fig. 8. This term is cal-
anomalies, albeit shifted westward. It is strongest at the culated as the residual from the sum of the other terms

WPC1 (~ RMM Phase 4) WPC2 (~ RMM Phase 2)
MIO V Adv, P', V(500-1000) MIO V' Adv, P', V'(500-1000)
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FIG. 7. As in Fig. 6, except the shaded fields depict (a) horizontal advection of low-frequency moisture by the MJO winds — (V' - Vg)’,
(b) horizontal advection of MJO moisture by the low-frequency flow —(V - V¢')’, and (c) horizontal moisture advection by high-frequency
eddy activity — (V" - Vg")'.
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FIG. 8. As in Fig. 6, except the shaded fields depict (a) anomalous surface latent heat fluxes £, (b) vertical moisture advection due to
longwave radiative heating w]dg/dp, and (c) moistening arising from convective column processes C..

Eq. (14). While a significant residual in the ERA-Interim
moisture budget has been previously documented, it has
been attributed to the vertical advection of moisture and its
associated apparent moisture sink due to the convective
parameterization used in the reanalysis (Kiranmayi and
Maloney 2011; Mapes and Bacmeister 2012; AW3). The
anomalies in C!, are in phase with the zonal wind anomalies,
with moistening occurring in regions of anomalous easter-
lies and drying in westerlies. It is strongest at the time of
WPC2, when the superposition of the Kelvin wave re-
sponse from the enhanced convection ~30° to the west of
the reference longitude and the Rossby wave response to
the suppressed convection ~60° to the east of the reference
longitude cause the easterly wind anomalies to be a maxi-
mum. The horizontal distribution in C., is reminiscent to the
distribution of the second baroclinic mode in vertical mo-
tion w, (Fig. 7in AW2). Vertical motion w, is characterized
by perturbations of opposing polarity above and below
600 hPa. A positive w, describes a profile of ascent that is
shallow while a negative w, describes elevated
stratiform ascent.

To further analyze the cause of the net moistening and
drying induced by C., we will decompose the w field into
w1 and w,, as in AW2, and analyze their contributions to
vertical moisture advection, shown in Fig. 9. Vertical
moisture advection by w; (middle panel) exhibits nearly
the same structure as the total vertical moisture advec-
tion (top panel), both occurring over the precipitation
region. Advection by w,, while only ~1/3 as large as the
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contribution by w;, exhibits a nearly identical spatial
pattern as C., albeit with a larger amplitude. This result
suggests that vertical moisture advection by w, is an
important contributor to the precipitation tendency
near the equator; that is

that is, in regions where the profile of ascent is shallow,
moist boundary layer air is advected to the lower free
troposphere, leading to tropospheric moistening and
increasing precipitation. In regions of elevated strati-
form ascent, the precipitation tendency is dominated
by anomalous descent occurring beneath the 600-hPa
level, which dries out the lower free troposphere. This
moistening and drying likely results both from vertical
motion in association with wave motion (Wang and Rui
1990) as well as thermodynamic feedbacks involving
cloud detrainment and rain reevaporation, as discussed
by Chikira (2014). A similar result was found by
Wolding et al. (2016). Their Fig. 7d shows strong
moistening to the east in the lowermost layer of the free
troposphere and drying over the region where the
moisture anomalies are a maximum, consistent with a
vertical profile of ascent akin to w,.

We can assess the relative importance of the terms in
Eq. (14) to the maintenance and evolution of the MJO-
related precipitation regions. Following the method

(17)
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F1G. 9. As in Fig. 6, except the shaded fields depict (a) column-integrated vertical moisture advection w'dg/dp, (b) column-integrated
vertical moisture advection due to deep convective ascent | dg/dp, and (c) column-integrated vertical moisture advection due to shallow/

stratiform ascent w),dg/dp.

used by Andersen and Kuang (2012), Arnold et al.
(2013), and AWM, we compare the strength of their
projections upon the horizontal distribution of pre-
cipitation and its temporal tendency

IIF - aP'ot|

S = aprac-apraq 2™ (18a)
_|IF-P
S, (F)= PP (18b)

where F is each individual term in Eq. (14). Thus, Egs.
(18a) and (18b) are evaluated for every term in Eq. (14),
and [|(--*)|| is the integral of (--*) over the domain 15°N-
15°S and within 100° of the reference longitude.

The results, shown in Fig. 10, reveal several differences
when compared to simply using a column moisture budget.
First, because precipitation is most sensitive to changes in
water vapor near the climatologically rainy areas of the
warm pool, near-equatorial moist processes project more
strongly to P’ and 9P'/dt than off-equatorial processes.
As aresult, meridional advection of mean moisture by the
anomalous winds plays a smaller role in the propagation of
P’ than what a column moisture budget suggests. Instead,
the largest contributor to the eastward propagation of P’ is
C., which was shown in Fig. 9 to be closely related to w,.
This large contribution arises when the contributions of
longwave radiation and surface latent heat fluxes to the
column processes are considered separately, both of which
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act to slow down the eastward propagation of the MJO.
The contribution of horizontal moisture advection to
propagation is not dominated by a single term; rather, it is
composed by interactions between several temporal scales.
When all the horizontal moisture advection terms are
added and compared to the total column processes (shown
on the right side of Fig. 10), it is clear that horizontal
moisture advection is the largest contributor to the prop-
agation of the precipitation anomalies.

When considering the processes that maintain the MJO-
related precipitation anomalies, shown in the bottom
panel of Fig. 10, it is clear that vertical moisture advection
from longwave radiation and convective column processes
C! act to maintain the rain area against the dissipative
action of horizontal moisture advection and reduced sur-
face latent heat fluxes. This result is consistent with pre-
vious studies on the moisture and moist static energy
budget (Andersen and Kuang 2012; Chikira 2014; Wolding
and Maloney 2015; Arnold et al. 2015), and consistent with
Fig. 10 of Wolding et al. (2016), with the notable difference
of C!. contributing more significantly to the maintenance of
the MJO. It is unclear if this difference is due to the
method of analysis employed here or to a difference in
physical processes that maintain the MJO in the two
datasets.

From inspection of Figs. 5-9, it is clear that P’ and
dP'/dt are not in quadrature. Rather, the two fields are
shifted such that 9P/t is positive over the eastern side
of the rain area 20°-60° to the east of the reference
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FIG. 10. Normalized contribution of the individual terms in the precipitation budget [Eq.
(14)] to the (top) propagation and (bottom) maintenance of the precipitation anomalies for
WPCI1. The contributions are obtained by using Eq. (18b), projecting each term to the hor-
izontal structure of column-integrated moisture tendency within 100° of the reference lon-
gitude and 15°N-15°S. The horizontal moisture advection term —V - Vg corresponds to the
contribution from the sum of all the horizontal advection terms, which are the first six terms,
denoted as “‘horizontal advection.” The column process term C’ is the sum of the three terms

denoted as “column.”

longitude and negative near and to the west of the ref-
erence longitude. These regions are characterized by
different vertical structures of humidity and vertical
velocity (see Figs. 6-8 in AW3). Thus, different pro-
cesses may maintain P’ in the eastern and western
sectors of the region of active convection. The contri-
butions to the maintenance of P’, separated into the
eastern and western sectors is shown in Fig. 11, along
with partially zonally averaged cross sections that fur-
ther elucidates the structure of the relative humidity and
circulation features in each sector. From 20°-60° to the
east of the reference longitude (right panel), C, is the
single dominant term that maintains the rain area, and
dP'/at > 0. Hence, the vertical velocity profile is shal-
lower and is moistening the atmosphere. More complex
dynamics dominate 20°-60° to the west of the reference
longitude. Ascent driven by radiative heating and sur-
face evaporation acts to maintain the rain area but is
smaller in magnitude than the drying by horizontal
moisture advection and C., and 9P'/dt is negative as a
result. The middle sector (within 20° of the reference
longitude; middle panel) is a two-way balance between
ascent driven by longwave radiative feedbacks and drying
by horizontal advection from high-frequency eddy activity.
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It is worth mentioning that nearly identical results to
those in Fig. 10 were obtained for WPC2 (not shown),
indicating that the same processes control the mainte-
nance of the MJO throughout its life cycle.

We can similarly analyze variations in the processes
responsible for MJO propagation, shown in Fig. 12. In
contrast to the previous figure, which showed the re-
gion of anomalous precipitation, here we show WPC2,
which shows, from east to west (from right to left), the
transition from anomalously dry to anomalously moist
conditions. In all three sectors a positive dP’'/dt is ob-
served, indicating that the intraseasonal precipitation
anomalies are increasing. Of all the moistening pro-
cesses, C.. is the only process that shows a positive value
in all three sectors. Inspection of the individual cross
sections reveals that, even though the profiles of ver-
tical motion vary widely in these sectors, all three sec-
tors are characterized by boundary layer convergence.
In contrast, the left panel of Fig. 10 shows strong
boundary layer divergence associated with negative C..
These patterns suggest that boundary layer processes
play a central role in C.. While total horizontal ad-
vection plays an important role the propagation of the
intraseasonal precipitation anomalies in all three
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FIG. 11. (top) Composite meridional cross sections partially averaged in regions defined as (left) the western sector extending from 20°
to 60° to the west of the reference longitude and (right) the eastern sector 20°—60° to the east of the reference longitude, as in Fig. 16 of
AW3. Each cross section shows the meridional mass circulation (arrows) and the relative humidity anomaly (shading). The largest

meridional flux vector is about 0.1kgm?s™*

(bottom), but separated into the western and eastern sectors.

sectors, there is an east-to-west (right to left) shift in the
processes responsible for such advection. In the eastern
sector, horizontal moisture advection is dominated by
high-frequency eddy activity, transitioning to advec-
tion of low-frequency moisture by the MJO flow. By
looking at the cross sections and inspecting Figs. 7 and
10, it is clear that the eddy contribution to horizontal
moisture advection can be thought of as a diffusion of
the elevated relative humidity anomalies, as it
becomes a maximum near and to the west of the in-
traseasonal precipitation anomalies, hence projecting
both onto the precipitation anomalies and the ten-
dency. This is consistent with the findings of Peters
et al. (2008) and Maloney et al. (2010), who found that
high-frequency eddy activity acts to diffuse the intra-
seasonal moisture anomalies.

5. Summary and conclusions

In this study we derived a precipitation budget for the
MJO that can adequately describe the propagation of
the MJO-related precipitation anomalies across the
Indo-Pacific warm pool (60°E-180°). This study is mo-
tivated by the increasing evidence that the anomalous
circulation response to diabatic heating, in the form of
precipitation, is central to the propagation of the MJO
(Zhao et al. 2013; Pritchard and Bretherton 2014; Kim
et al. 2014a; AW3; AWM; Adames and Kim 2016; Jiang
2017; among others). A precipitation estimate is ob-
tained by scaling the ERA-Interim column water vapor
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, and the largest vertical flux vector is about 4 X 10 *kgm?s~'. (bottom) As in Fig. 10

product to account for spatial variations in the sensi-
tivity of precipitation to changes in tropospheric mois-
ture (see Figs. 1-4). This sensitivity can be accounted for
through the use of a spatially varying convective ad-
justment scale (Betts and Miller 1986; Bretherton et al.
2004). By using this time scale, a horizontal distribution
of precipitation for the MJO is obtained that is largely in
agreement with satellite-derived distributions of pre-
cipitation and agrees better with observations than the
ERA-Interim precipitation product. The relationship
between anomalous precipitation and column moisture
presented here reveals three factors in addition to
moisture that determine the amplitude of the MJO-
related precipitation features:

e the amplitude of the low-frequency, climatological
distribution of precipitation;

o the sensitivity of precipitation to changes in column
relative humidity; and

o the column-integrated low-frequency, climatological
saturation specific humidity.

All three of these terms are taken into account when de-
fining the convective adjustment time scale 7. It was
shown that intraseasonal rainfall variance is spatially
correlated with ¥; =7, . Because ¥, is proportional to
the climatological distribution of precipitation (which is, in
turn, related to other variables such as the SST field), the
derived precipitation field directly relates intraseasonal
variability to the mean state. While it has been recognized
by several previous studies that the aforementioned
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FIG. 12. As in Fig. 11, but for WPC2 and the bars depict the contribution to propagation of the precipitation anomalies. Note that for
WPC?2 the reference longitude corresponds to the node in Ay.

factors are important to MJO dynamics (Mapes and
Bacmeister 2012; Kim et al. 2014b,c), they are shown here
through a set of simple mathematical relations. These
mathematical relations can be used to test MJO perfor-
mance in GCM studies. For example, a recent study by
Jiang et al. (2016) showed that the value of 7 is correlated
with a model’s ability to represent the MJO. Moreover,
the climatological-mean rainfall and the saturation col-
umn water vapor, which define 7, are known to change in
simulations that vary CO, concentrations (Allen and
Ingram 2002; Held and Soden 2006; Seager et al. 2010). It
may be of interest to study how 7, changes with climate
change, as it may have implications for the MJO.

Using the aforementioned relationship, we can con-
vert the column-integrated moisture budget into an
intraseasonal precipitation budget. Using such a budget,
under the assumption that weak temperature gradient
balance is achieved, yields a concise description of the
evolution of the intraseasonal precipitation anomalies
throughout the MJO’s life cycle.

It is found that the processes that moisten the near-
equatorial region are more important for the mainte-
nance and propagation of the intraseasonal precipitation
anomalies than simple moisture and most static energy
budget analyses suggest. This is a result of precipitation
over the warm pool being more sensitive to moisture
(smaller 7,) in the near-equatorial warm pool (within
10°N-10°S). The near-equatorial moistening is domi-
nated by the “convective column” process, which de-
scribes the net moistening by convectively driven
vertical motion, condensation, rain reevaporation, and
small-scale eddies. It is found that this moistening is
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spatially correlated with w,, the profile of vertical mo-
tion that describes whether ascent is shallow or elevated.
In regions where ascent is shallower (more bottom
heavy), significant moistening occurs, while drying is
observed in association with more elevated stratiform
convection. Wolding et al. (2016) also found that C,
(defined in their study as a net moistening by micro-
physics) moistens the free troposphere over a broad
region to the east of the precipitation anomalies, and
dries the atmosphere near and to the west of it,
exhibiting a vertical profile that is qualitatively consis-
tent with shallower vertical motion w,. These results are
consistent with many previous studies (Benedict and
Randall 2007; Del Genio et al. 2012; Lappen and
Schumacher 2014; Johnson et al. 2015; Kim et al. 2015).
While many studies have indicated that the profile of
vertical motion is critical to the propagation of the MJO
(Hannah et al. 2016; Janiga and Zhang 2016), it has been
difficult to show in reanalysis data due to the influence of
other processes such as radiative feedbacks. This adds to
the body of evidence that highlights the importance of
the sensitivity of convective parametrizations to mois-
ture to the simulation of the MJO, as indicated by
Derbyshire et al. (2004), Mapes and Bacmeister (2012),
and Kim et al. (2014c), among others.

Near and to the west of the region where the anom-
alous precipitation is a maximum, horizontal moisture
advection plays a key role in the damping and propa-
gation of the precipitation anomalies. The dominant
term is initially nonlinear advection by high-frequency
eddies and transitions to advection of mean moisture by
the MJO-related winds. The systematic evolution of
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precipitation in the MJO, initially dominated by vertical
advection followed by drying by horizontal advection, is
remarkably similar to the life cycle of convectively
coupled events described by Inoue and Back (2015) (see
their Fig. 10) and is consistent with the simulations of
Janiga and Zhang (2016).

In spite of the variety of processes described here that
induced eastward propagation of the MJO, many of
these processes can be attributed to the Matsuno-Gill
response to an equatorial heat source. One of these
wave-driven processes may be frictional moisture con-
vergence (Wang and Rui 1990; Salby and Hendon 1994;
Wang and Li 1994; Maloney and Hartmann 1998). It was
shown in AW2 that the second baroclinic mode in ver-
tical motion w; is proportional to the difference between
anomalous divergence in the free-tropospheric layer
and in the boundary layer (their Fig. 12). It was further
shown that the anomalous boundary layer divergence
can be approximately represented as an MJO-driven
equatorial Ekman pumping (their Fig. 11). Thus it seems
likely that the convective column process C.. described
here is, at least, partially driven by frictional moisture
convergence. It is important to note that convective
feedbacks are likely equally important (Raymond and
Herman 2012), and both processes may feed back on
one another in ways that are difficult to quantify (Powell
2016). In addition to frictional convergence, horizontal
moisture advection by the lower-tropospheric winds in
the Matsuno—Gill response is also of central importance
to the propagation of the rain area. The only important
moistening process that is not clearly related to the
anomalous MJO flow is moistening by high-frequency
eddy activity. Because this contribution is confined near
and to the west of the rainfall anomalies, this term may
be an eddy diffusion process of the relative humidity
anomalies, which exhibit a similar phasing relative to the
anomalous precipitation.

It is also found that the processes that maintain the
MIJO-related anomalies are zonally varying with respect
to the rain area. In the eastern region of precipitation,
convective processes are the most important contributor
to the maintenance of the anomalies and are also asso-
ciated with increasing precipitation. Because pre-
cipitation is shallower in this region, it can be inferred
that this “‘bottom heavy” precipitation is moistening
the free troposphere ahead of the precipitation maxi-
mum, consistent with the notion of a negative “‘gross
moist stability”’ (Neelin and Held 1987; Raymond et al.
2009). During the later stages of the active phase,
precipitation is predominantly maintained by longwave
radiative feedbacks, augmented by enhanced surface
latent heat fluxes, consistent with the results from
previous studies (Andersen and Kuang 2012; Kim et al.
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2014a; Sobel et al. 2014; Wolding and Maloney 2015;
Arnold et al. 2015; among others). This result suggests
that, as Del Genio et al. (2015) pointed out, both the
interactions between moisture and convection, and
between convection and radiation, need to be ade-
quately represented in order to successfully simulate
an MJO.

The framework presented here can be directly com-
pared to the so-called moisture-mode theoretical
framework of the MJO and related frameworks that
use simplified Betts—Miller schemes in their represen-
tation of precipitation (Wang and Chen 2016; Wang
et al. 2016). It can also be extended to other theories of
the MJO where the precipitation field is parameterized
as a function of a low-frequency variable, such as in the
work of Yang and Ingersoll (2013, 2014). For example,
in AK16 a constant value for 7, was used, among other
approximations, to obtain linear solutions to the pre-
cipitation budget [Eq. (14)]. A spatially varying 7, will
affect the propagation of the MJO by confining the
anomalies to regions where 7, is small (large 7). The
intraseasonal precipitation anomalies will weaken as
they propagate eastward toward the equatorial central
Pacific, a region where the convective time scale is large
(v: — 0, see Fig. 2d). Also, by generalizing the frame-
work of AK16, we can also expect that wave energy will
weaken as it propagates westward into the African
continent, where 7, — 0. Thus, in this framework, the
convective anomalies of the MJO are bounded to the
Indo-Pacific warm pool, where rainfall is most sensitive
to moisture. In observations, the circulation anomalies
decouple from the anomalous convection and some-
times recouple over the eastern Pacific or again over
the Indian Ocean (Maloney and Esbensen 2003, 2007;
Haertel et al. 2015). For this recoupling to be taken into
account, other processes like changes in the buoyancy
of free troposphere need to be taken into account
(Powell 2016).

There are a few caveats to this study. For once, a
significant residual exists in the ERA-Interim moisture
budget, which represents a missing moisture source or
an excessive moisture sink in the product. We have as-
sumed that this residual in the moisture budget is due to
an inadequate representation of convection in the re-
analysis, as was suggested by Mapes and Bacmeister
(2012) for MERRA. Thus, we have included this re-
sidual as a part of the so-called convective column
process, since it most likely affects this term, follow-
ing previous work (AW3; Wolding and Maloney
2015). A more complete study can be made by also
analyzing models that simulate strong MJOs. Fur-
thermore, we also assumed that longwave radiative
heating projects onto the first baroclinic mode in
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FIG. Al. Five-panel sequence of (left) TRMM 3B42 precipitation, (center left) precipitation estimated from the equation (q')/7,
(center right) ERA-Interim precipitation, and (right) ERA-Interim column water vapor (g’), regressed on linear combinations of PC1 and
PC2 of Ay: (a) —PC2, (b) (PC1 — PC2)/v/2, (c) PC1, (d) (PC1 — PC2)/v/2, and (&) PC2. The linear combinations roughly correspond to
phases 3-7 in the Wheeler and Hendon (2004) multivariate index. Shading is in units of mm day ' for (left)—(center right) and in units

of mm for (right).

vertical motion, which may introduce errors into the
analysis presented here. In spite of these caveats, the
consistency of the patterns presented here attests to
the robustness of the results.

While a substantial amount of insight is obtained from
using a precipitation budget, the loss of vertically re-
solved processes may be a limitation to the in-
terpretation of the results from this study. For example,
it was shown by Chikira (2014) and Wolding and
Maloney (2015) that shortwave radiative heating
exhibits a vertical dipole that is approximately canceled
out when vertically integrated. Since precipitation is
closely related to vertical motion, which is highly cor-
related in space with the vertically resolved relative
humidity (see Figs. 3 and 10 in AW3), it may be possible
to use relative humidity in order to obtain an equation
for vertically resolved diabatic heating.

Finally, it is worth mentioning that moisture in itself is
not a cause of precipitation; rather, it is correlated to the
amount of precipitation that occurs over given region.
As discussed by Raymond et al. (2015) and references
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therein, precipitation is often the result of changes in the
thermodynamic profile of the atmosphere, such as
modulation of convective available potential energy
(CAPE) or convective inhibition (CIN). It can also
result when changes in the atmospheric circulation
modulate vertical motion in a given region. A more
comprehensive understanding of the propagation of the
rain area in the MJO requires further understanding of
the cause of precipitation in the MJO cycle.
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APPENDIX

Regression Maps of Moisture and Precipitation

Figure A1 shows five-panel sequences of MJO-related
precipitation anomalies from TRMM 3B42, the esti-
mated precipitation P’ = (¢')/7;, and ERA-Interim pre-
cipitation compared to column water vapor (g’). While
ERA-Interim precipitation is spatially consistent with
TRMM’s distribution of precipitation, its magnitude is
approximately half as large (see also Fig. 1 in AW3).
Although the resolution is coarser, the estimated precipi-
tation P’ exhibits a similar magnitude and spatial distri-
bution to TRMM over the points in the warm pool that
are occurring over the ocean. The estimated precipita-
tion is too high compared to TRMM over the Pacific
ITCZ and over the landmasses of the Maritime Conti-
nent. In comparison, the column moisture anomalies are
broader in scale and do not always correspond spatially
with precipitation anomalies, as seen near the eastern
Pacific coast in Figs. Ala and Ale and Australia in
Figs. Alc and Ald.
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